The anterior pituitary gland (AP) increases growth hormone (GH) secretion in response to resistance exercise (RE), but the nature of AP adaptations to RE is unknown. To that end, we examined the effects of RE on regional AP somatotroph GH release, structure, and relative quantity. Thirty-six Sprague-Dawley rats were assigned to one of four groups: 1) no training or acute exercise (NT-NEX); 2) no training with acute exercise (NT-EX); 3) resistance training without acute exercise (RT-NEX); 4) resistance training with acute exercise (RT-EX). RE incorporated 10, 1 m-weighted ladder climbs at an 85°angle. RT groups trained 3 days/wk for 7 wk, progressively. After death, trunk blood was collected, and each AP was divided into quadrants (ventral-dorsal and left-right). We measured: 1) trunk plasma GH; 2) somatotroph GH release; 3) somatotroph size; 4) somatotroph secretory content; and 5) percent of AP cells identified as somatotrophs. Trunk GH differed by group (NT-NEX, 8.9 Ϯ 2.4 g/l; RT-NEX, 9.2 Ϯ 3.5 g/l; NT-EX, 15.6 Ϯ 3.4 g/l; RT-EX, 23.4 Ϯ 4.6 g/l). RT-EX demonstrated greater somatotroph GH release than all other groups, predominantly in ventral regions (P Ͻ 0.05-0.10). Ventral somatotrophs were larger in NT-EX and RT-NEX compared with RT-EX (P Ͻ 0.05-0.10). RT-NEX exhibited significantly greater secretory granule content than all other groups but in the ventral-right region only (P Ͻ 0.05-0.10). Our findings indicate reproducible patterns of spatially distinct, functionally different somatotroph subpopulations in the rat pituitary gland. RE training appears to induce dynamic adaptations in somatotroph structure and function. resistance training; 22-kD growth hormone; somatotrophs; adaptation GROWTH HORMONE (GH) IS RELEASED from somatotrophs located throughout the anterior pituitary gland (AP). Somatotrophs exist as heterogeneous groups of cells that differ with respect to their morphology, density, in vitro secretory potential, and GH release (13, 30, 32, 34, 37, 39) . A growing body of literature also indicates that the spatial distribution of GH (20, 28, 29, 37)-and prolactin (3, 35)-producing cells affects their hormone-release patterns. Taken together, these findings in animals suggest that regional AP cellular environments respond and adapt to endocrine demands by influencing heterogeneous somatotroph networks and functions.
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Acute resistance exercise (RE) is a powerful stimulus for the release of GH in humans, where circulating increases of as much as 20-fold have been reported (1, 25, 40) . However, chronic resistance training (RT) does not appear to alter resting GH values significantly (8, 23, 24) , and it is still unclear whether the acute response to RE changes as a result of RT, which may alter the spectrum of functionally distinct GH variants, in addition to increasing the total blood-borne quantity (20, 23, 26) . Whereas the relationship between RE and circulating GH has been studied extensively [for review, see Kraemer and coworkers (23, 27) ], comparatively little is known about the effects of acute and chronic RE on somatotrophs.
In this investigation, we sought to develop an animal model of RT to explore its fidelity as it relates to work in humans, especially with regard to GH and the documented heterogeneity of somatotrophs. Most previous studies have used pituitaryslicing techniques, which permit the study of hormone-secretion patterns from large groups of cells (0.5-1.0 ϫ 10 6 ) under controlled, in vitro conditions, while retaining native, in vivo configurations. In this investigation, we also used flow cytometry, which allowed us to count quantitatively and sort live, immunopositive GH cells on the basis of their laser lightscatter characteristics. This approach provided a means to explore cellular adaptations that could explain changes in circulating GH content as a result of RE and RT, including somatotroph hypertrophy, hyperplasia, or changes in internal secretory content.
To explore the possibility that adaptations might be region specific, we used a left-right, ventral-dorsal, quadrant-sectioning technique. This reflects our previous work, which has shown that somatotrophs are fairly evenly distributed rostrocaudally and sagittally but unevenly distributed dorsoventrally (ϳ45% of cells in dorsal regions vs. ϳ39% in ventral regions) (37) . This observation is supported by newer visualizations of GH-green fluorescent protein emission in somatotrophs (28) . In addition, we chose to compare left and right sections, because we have shown previously that these sections differ in terms of unstimulated GH release (37) .
RE-induced increases in AP GH release could result from: 1) changes in the number or structure of AP somatotrophs, 2) changes in somatotroph responses to GH secretagogues, or 3) a decrease in inhibitory factors. Somatotroph responses to GH secretagogues and inhibitors are well documented (5, 13, 30, 34, 37, 39, 41) , but regional cellular adaptations that result from the administration of exogenous substances may differ from those induced by animal behavior. Furthermore, somatostatin, a primary inhibitory factor, does not appear to be a major regulator of GH release in response to strenuous exercise, as complete somatostatin inhibition only has a small effect on exercise-induced GH release (5) .
Since the effects of RE on AP somatotrophs are unknown, we tested the idea that RT might induce increases in somatotroph number, size, or internal secretory granule content and that these adaptations would be region specific. Regional AP somatotroph heterogeneity could be an important factor to consider in individuals undergoing surgery for removal of all or part of the gland, e.g., traumatic brain injury or pituitary adenoma. In addition, a better understanding of AP adaptation will help to explain some of the more complex features of circulating GH response patterns and provide useful insight into the integrative mechanisms of intracellular peptide secretion, adaptation, and cellular networks.
METHODS
Thirty-six, 12-mo-old male Sprague-Dawley rats (Harlan Sprague Dawley, Indianapolis, IN) were matched for body mass and assigned randomly to one of four groups in a between-group block design: 1) no RT/RE whatsoever and killed at rest (NT-NEX); 2) no RT and killed immediately after a single bout of RE (NT-EX); 3) 7 wk of RT and killed 3 days after the final exercise session (RT-NEX); and 4) 7 wk of RT and killed immediately after the final exercise session (RT-EX). This design allowed us to examine differences between acute and chronic RE in terms of regional somatotroph structure and function.
RT and animal care. The RT and animal care protocol used in this study are reported in detail elsewhere (7) . It is particularly important to note that the general training protocol used in this investigation has been shown to cause fiber-type conversion, muscular hypertrophy, and neuromuscular junction hypertrophy (7, 9, 17, 45) . In summary, animals climbed a 1-m-long steel ladder, placed at an 85°angle, with a weight attached to a tail sleeve. Each exercise session consisted of 10 ladder climbs, with 2 min of rest between each climb. Animals in the training groups exercised 3 defined days/wk for 7 wk, at a standard time of day (21 total training sessions). RT was progressive: the weight attached to the tail of the animals during each exercise session increased gradually from 50 g during the first session to 535 g at the end of the study.
Animals were familiarized with handling, the exercise protocol, and the tail sleeve without any weight attached on four separate occasions during the week leading up to the experimental sessions. Animals in NT-NEX were familiarized with the procedures but were not encouraged to climb during the familiarization sessions. When needed, a spray of cold water was used to motivate the animals to complete the ladder climb. Animals were kept on a 12:12-h light-dark cycle at 21°C. Water and standard laboratory rat chow were provided ad libitum. Body mass did not change over the course of the study and averaged 498 Ϯ 6 g upon completion. All procedures were approved by The Pennsylvania State University Institutional Animal Care and Use Committee.
Plasma collection and analysis. Trunk blood samples were collected immediately after death by decapitation. Blood plasma was then centrifuged and stored at Ϫ80°C until GH analysis by ELISA (Cayman Chemical, Ann Arbor, MI).
Pituitary partitioning. The AP was removed immediately after death. Upon removal, the AP was placed in MEM with 3% BSA (MEM/BSA) and antibiotics and divided into four geographically distinct regions using a Smith-Farquhar tissue sectioner (Sorvall Instruments, Newtown, CT):
, and 4) ventralright (VR). Procedures for AP removal, sectioning, and biochemical analyses were performed using methods described previously (37) .
Gyratory incubation. To measure basal, unstimulated GH release, pituitary slices were incubated two times for 20 min each in MEM/ BSA using a constant gyratory shaker (100 rpm) at 37°C in a humidified chamber saturated with 5% CO2 and air. After each incubation period, medium was collected and stored at Ϫ20°C until analysis by competitive enzyme immunoassay, which is described in detail elsewhere (12) . In summary, after binding rat GH to the polystyrene surface of a 96-well microtiter plate, sample rat GH competed with the immobilized rat GH for a monkey anti-GH antibody. Detection and quantification of the immobilized antibody complex were then performed using goat anti-monkey IgG conjugated to horseradish peroxidase (Cappel Laboratories, Cochranville, PA). Absorbance at 490 nm through the bottom of the plates was determined with an EIA Reader model 307 (BioTek Instruments, Winooski, VT).
Flow cytometry. Single cell suspensions from each section were incubated and then prepared using the modified technique of Wilfinger et al. (42) . Cell suspensions were then incubated sequentially with a polyclonal monkey anti-rat GH and goat anti-monkey IgG-conjugated FITC (16) . Propidium iodide was used as a counterstain. Cells were passed through a 46-um nylon mesh and scored using an EPICS 753 flow cytometer (Coulter Electronics, Hialeah, FL), equipped with two argon lasers. A multiparametric data acquisition display system (MDADS II; Coulter Electronics) was used for analysis. For each rat, we scored a minimum of 5,000 -10,000 cells/AP section. In addition to counting the percent of AP cells identified as somatotrophs (% somatotrophs), cells were analyzed via forward-angle light scatter (FALS; a measure of cell size) and perpendicular light scatter (PLS), which primarily reflects intracellular secretory granule quantity (15) .
Statistical analysis. Data are presented as means Ϯ SD. Betweengroup comparisons of regional AP GH release, % somatotrophs, somatotroph size, and secretory granule content were made with one-way ANOVA. Where significant F values were observed, Fisher's least significant difference post hoc tests were used for pair-wise comparisons. Independent t-tests were used to compare group trunk blood GH values on the basis of the acuity and total amount of exercise performed (NT-NEX vs. RT-NEX; RT-NEX vs. NT-EX; NT-EX vs. RT-EX). Significance in this investigation was set at P Յ 0.05 and trends at P Յ 0.10.
RESULTS
Plasma GH trunk blood concentrations were: 8.9 Ϯ 2.4 g/l (NT-NEX); 9.2 Ϯ 3.5 g/l (RT-NEX); 15.6 Ϯ 3.4 g/l (NT-EX); and 23.4 Ϯ 4.6 g/l (RT-EX; Fig. 1 ). The two groups that did not perform acute RE (NT-NEX and RT-NEX) displayed similar plasma GH values [P Ͻ 0.84; 95% confidence interval (CI), Ϫ3.3 to 2.7 g/l]. Compared with the RT group that did not exercise directly before death (RT-NEX), acute RE (NT-EX) resulted in plasma GH values that were 69.5% greater on average (P Ͻ 0.002; 95% CI, 2.9 -9.8 g/l). Moreover, compared with acute RE alone (NT-EX), circulating GH increases were 50% greater when animals performed RE after 7 wk of RT (RT-EX; P Ͻ 0.001; 95% CI, 3.8 -11.8 g/l). These findings confirm that the RE regimen effectively stimulated increases in peripheral GH concentrations in vivo and that RT resulted in a distinctly pronounced GH response compared with RE alone.
We observed regional variations in AP GH release among the four experimental groups. In general, GH release during the first gyratory incubation was 0.5-to onefold greater than the second gyratory incubation. Overall, training accompanied by acute RE (RT-EX) resulted in significantly greater GH release compared with the other groups, which did not differ significantly from one another. Increases were observed mainly in ventral regions, although greater GH release was also observed in the DL region. In the first gyratory incubation (Fig. 2) , GH concentrations in the culture media were significantly greater in RT-EX compared with NT-NEX and RT-NEX in the VL region and compared with NT-NEX in the DL region (P Ͻ 0.05). There was also a trend toward greater GH release in RT-EX compared with NT-EX in the VL region and compared with RT-NEX in the DL region (P Ͻ 0.10). During the second gyratory incubation, greater GH release was again observed in RT-EX, where GH values were significantly greater than NT-NEX and RT-NEX in the VR region (P Ͻ 0.05). In addition, there was a trend (P Ͻ 0.10) toward greater GH release compared with NT-NEX in the VL region and NT-EX in the VR region.
As a percentage of total cell counts, the number of immunopositive somatotrophs was similar across regions (Fig. 3) . Regional % somatotroph did not generally differ among groups, although there was a trend toward a higher % somatotroph in NT-EX compared with RT-EX in the VL region (P Ͻ 0.10).
We observed reproducible and spatially distinct betweengroup differences in somatotroph size (FALS) and secretory granule content (PLS; Figs. 4 and 5), which was isolated to ventral regions. Cell size was significantly greater in NT-EX compared with RT-EX in the VL region (P Ͻ 0.05). There was also a trend for larger cell size in NT-EX and RT-NEX compared with RT-EX in the VR region (P Ͻ 0.10). Granule content was significantly greater in RT-NEX compared with RT-EX and NT-NEX in the VR region (P Ͻ 0.05) and similarly, as a trend (P Ͻ 0.10) for RT-NEX compared with NT-EX in the same region. Fig. 1 . Circulating growth hormone (GH). In vivo trunk plasma GH values are means Ϯ SD in g/l. Compared with acute exercise control groups [resistance training-no exercise and no training-no exercise (RT-NEX and NT-NEX, respectively)], trunk plasma GH increased significantly more with acute resistance exercise (RE; NT-EX and RT-EX). Furthermore, acute trunk plasma GH increases were significantly greater with training (RT-EX) than with acute RE alone (NT-EX). *P Ͻ 0.002; #P Ͻ 0.001. Fig. 2 . Regional unstimulated GH release. GH values are means Ϯ SD in g/ml. GH concentrations were significantly higher in RT-EX compared with RT-NEX and NT-NEX in the ventral-left region (VL) and compared with NT-NEX in the dorsal-left (DL) region. There was also a trend toward a higher GH concentration in RT-EX compared with NT-EX in the VL region and RT-NEX in the DL region. 
DISCUSSION
The main findings of this investigation are that: 1) in male rats, RE effectively stimulates the release of circulating GH, and RT increases the response to RE; 2) between-group differences in circulating GH mirror overall differences in AP GH release, which varies by region; 3) regional differences in AP GH release generally correspond with changes in somatotroph morphology; and 4) on a relative basis, hyperplasia does not appear to explain RE-induced increases in GH release. Our findings add to a growing body of literature suggesting that the spatial distribution of hormone-producing cells in the mammalian AP influences cell morphology and hormone-secretion patterns. Furthermore, the results of the present investigation indicate the existence of dynamic AP somatotroph adaptations to RT, which include cellular hypertrophy, increases in secretory content, and dynamic, long-term alterations in oscillatory behavior.
A bout of heavy RE is a potent stimulus for acute increases in circulating GH concentrations in humans, although the magnitude of a GH increase largely depends on the nature of the metabolic demand (25, 26, 33) . Most investigations have not found training-induced changes in resting immunoassayable circulating GH (1, 14, 24, 38); our findings suggest that this is also true in male rats. However, changes in the acute GH response to RE after periods of RT have been reported in humans (4, 26) . Specifically, training was accompanied by acute GH increases that were larger than those observed with acute exercise alone; our findings support this observation as well. In light of these similarities, we suggest that RT-mediated changes in the GH response reflect a well-conserved adaptational pathway in rats and humans.
The observed relationship between circulating GH (Fig. 1 ) and AP GH release (Fig. 2) is especially instructive when differences between the groups are considered. For example, if the results of both incubations are combined and regional between-group differences in AP GH release counted, RT-EX resulted in significantly greater GH release than NT-NEX in four instances, RT-NEX in three instances, and NT-EX in two instances. This finding parallels our observations on circulating GH, which was obtained 2-3 min before the AP was prepared for the first incubation. Since GH release patterns were not uniform but regionally heterogeneous, it appears that sensing mechanisms residing within somatotroph networks themselves are, at least partially, responsible for the rises in circulating GH with RE. The reproducible and distinct structural differences that we observed in these regions may explain how somatotrophs adapt to the endocrine demands of RT.
Changes in somatotroph structure were confined to ventral regions, where GH release was greatest. Acute RE alone (NT-RE) resulted in markedly increased circulating GH, and somatotrophs in this group were hypertrophic compared with resistance-trained animals that performed acute RE directly before death (RT-EX). Resistance-trained animals that were rested at death (RT-NEX) also displayed larger somatotrophs but with markedly increased secretory content when compared with all other groups. Finally, when resistance-trained animals performed acute exercise (RT-EX), the result was a significantly smaller somatotroph, low secretory content, and the highest circulating GH values.
Whereas the primarily dorsal response to GH-releasing hormone (GHRH) administration highlights the specificity of AP adaptations to differing stimuli (RE adaptations were largely confined to ventral sections) (37), these secretory stimuli appear to induce similar general adaptations in somatotrophs. For example, GHRH administration results in acute cellular hypertrophy and the partial release of cellular GH stores, with smaller remaining secretory granules (41) . This coincides with increases in circulating GH that are similar in magnitude to what we observed when we compared the acute exercise groups (NT-EX and RT-EX) with the control group (NT-NEX) (37, 41) . Since secretory granulation is a dominant feature in somatotrophs (and thus dominant contributor to PLS signals) (15, 16) , it is reasonable to theorize that the cellular hypertro- phy observed with acute exercise only (NT-EX) reflected increases in the size of cytoplasmic protein synthesis organelles, with depleted levels of secretory granules that were generally smaller in size (as a result of RE-induced GH exocytosis) (15, 41) . Furthermore, cessation of GHRH stimulation by somatostatin or in our case, 3 days of rest after a 7-wk period of RT (RT-NEX) resulted in the accumulation of GH secretory granules (41) . Thus the hypertrophy observed at rest after RT appears to reflect increased cellular GH content in addition to cytoplasmic organelle hypertrophy or efforts to accommodate cellular osmolality changes that might accompany these adaptations (10, 11) . Whereas these conclusions could explain how somatotrophs produce and release more GH with chronic stimulation, they do not explain why average ventral somatotroph size decreased with acute exercise after RT.
The smaller ventral somatotroph size in RT-EX was accompanied by the largest increases in circulating and AP GH release values. Why were somatotrophs in this group smaller than somatotrophs in the group that performed acute RE only? Since secretory granule content in these two groups was similar, lower secretory granule content cannot provide the sole explanation. We suggest that this paradox reflects the ability of somatotrophs to alter their volume dynamically, as shown in response to physiologically relevant levels of osmotic stress and during GHRH-induced GH secretion (10, 11, 41) . These oscillations appear to result from the modification of ion channel expression, which occurs through multiple mechanisms (11) . Seven weeks of RT might have therefore promoted additional modifications in the expression of regulatory ion channels, resulting in a unique oscillatory response to acute RE.
The cause of regional somatotroph heterogeneity is open to question. However, possibilities include: 1) different glandular blood-supply networks (28); 2) uneven distributions of regulatory factors as a result of variable concentrations of hypothalamic releasing and/or inhibitory hormones in portal vessels (22, 37) ; 3) variations in the tissue architecture itself (e.g., ECM/intercellular spaces) that can profoundly affect cell physiology (6); 4) varying GH cell membrane receptor sensitivity or specificity; or 5) direct feedback from cytokines produced in other body regions or locally in other hormone-producing pituitary cells, e.g., gonadotropins (6) . It is important to consider the possibility that many or all of these factors exert effects on somatotroph structure and function.
The use of enzymatically dispersed pituitary cells has revealed important mechanisms underlying GH synthesis and secretion, but it is not useful in studying how cells coordinate normal functions in intact tissues. On the basis of two-dimensional (2D) histologic studies, endocrine pituitary cells were classified originally as members of a "diffuse endocrine system" (36) . Yet, elegant studies using 3D imaging techniques to visualize the entire population of GH cells in the mouse pituitary clearly show that this classification scheme is deceptive (2, 18) . Specifically, Bonnefont et al. (2) revealed a "homologous continuum of GH cells, connected by adherens junctions that wired the whole gland." This continuum met the criteria of a biological network, namely, one that provided an understanding of how such systems deliver coordinated hormone pulses to target tissues. The fact that both endocrine and nonendocrine cells are organized into structural and functional networks, formed early in development, but retained as modifiable (plastic) units throughout life has been reviewed recently (28) .
Although our experimental approach necessarily required the sectioning of a single gland into one-quarter to one-eighth pieces, we argue that 1-2 mg of pituitary tissue can be expected to retain many of the somatotroph network features envisaged by Bonnefont et al. (2) . In fact, earlier studies by our group used this sectioning approach to study rat somatotroph function: 1) in microgravity (21) and 2) after GHRH stimulation (37) . These studies indicated that ventrally located GH cells respond differently to those in other regions. Furthermore, we documented functional plasticity in regional distributions of somatotrophs. The results of our current study show that region-specific plasticity is also revealed after RE stimulation. Hodson and Mollard (19) have proposed that the study of hypothalamic and pituitary cell network interactions will play an expanding role in our understanding of how a physiologic stimulus, such as RE, impacts the final homeostatic control.
Among the various methods used to show functional heterogeneity, the flow cytometer has proven useful in its ability to: 1) count large numbers (1 ϫ 10 4 ) of immunopositive somatotrophs quickly; 2) sort live GH cells on the basis of laser light scatter; 3) sort live GH cells on the basis of GH immunofluorescence staining at the cell surface; and finally, 4) purify somatotrophs to Ͼ95% (15, 37, 43, 44) . Such studies further document that FALS (or narrow-angle light scatter) is a good measure of cell size, whereas 90°(or PLS) light scatter is related predominantly to somatotroph cytoplasmic granulation. Our current study shows that RT in rats also results in reproducible changes in laser light scatter of somatotrophs present in geographically distinct, 2 mg tissue blocks.
Somatotroph percentages can vary solely as a result of differing methodologies (31) , but since we observed no significant quadrant differences in the percentage of somatotrophs after acute or chronic RE, it is unlikely that our results can be explained by changes in the number of GH cells. However, there is evidence to suggest that somatotrophs undergo substantial increases in mitogenic activity under conditions of prolonged stimulation (41) , and the resulting cytokinesis could have resulted in a larger proportion of smaller cells after acute exercise in trained animals (15) . Since we did not detect significant changes in the relative quantity of ventral somatotrophs, increased mitogenic activity might have been balanced by an increased rate of cellular apoptosis, which also appears dynamic in nature (41) . As cellular turnover rates were not examined in the present investigation, this represents a promising area for future work.
The influence of additional levels of GH heterogeneity must also be considered. These include GH molecular variants and the existence of somatotroph subpopulations that can be classified reliably by differences in their secretory granule content, spectrum of GH variants, and release patterns (10, 20, 22) . For example, RT has been shown to increase disulfide-linked GH aggregates, including monodimers and heterodimers in humans (20, 26) . Furthermore, the release of these bioactive GH variants is sensitive to afferent muscle activity, displays muscle specificity, and does not necessarily increase in parallel with immunoreactive GH (32) . It is possible that the observed changes in oscillatory behavior reflect unique synthesis, storage, or osmolality gradients associated with RT-induced alterations in the spectrum of such GH variants. Questions con-cerning the effect(s) of RE at these levels of GH heterogeneity remain unanswered but invite further study.
In conclusion, RT led to increased AP and circulating GH concentrations compared with groups that did not train or use acute RE alone. AP somatotroph adaptations differed by group and corresponded with increases in AP and circulating GH concentrations. Ventral regions of the AP were most strongly affected, whereas RT resulted in increased secretory content and cellular hypertrophy with little evidence of cellular hyperplasia. In addition, RT-mediated changes in somatotroph content and structure appear to reflect myriad intracellular, cytoplasmic, biophysical changes known to occur during GH granule storage-release cycles. Specifically, differences in somatotroph size may result from oscillatory adaptations to GH content or changes in mitogenic activity. The findings of this study shed further light on potential mechanisms underlying RT-induced GH increases.
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